INTRODUCTION 40
Gene copy number variation is an important source of genetic variation that can be 41 deleterious in some cases, such as causing cancer in humans, and that can also increase genetic 42 variation and lead to adaptations (Schimke et al. 1985 predictions. Gene space completeness was assessed using BUSCO v3 and the eudicotyledons 165 odb10 pre-release dataset using standard parameters (Simão et al. 2015) . 166
The predicted gene transcripts (mRNA) and predicted translated protein sequence were 167 then annotated using Basic Local Alignment Search Tool Nucleotide (BLASTN) and Protein 168 (BLASTP) 2.2.18+ for similarity to known transcripts and proteins, respectively. Alignments 169 were made to the entire NCBI nucleotide and protein databases. For all BLAST homology 170 searches, the e-value was set at 1e-25 and only the best match was considered. The predicted 171 proteins were further annotated using InterProScan 5.28-67.0 for protein domain predictions ( settings. The complete assembly was analyzed using RepeatMasker 4.0.6 to search for small 174 interspersed repeats, DNA transposon elements, and other known repetitive elements using the 175 "Viridiplantae" repeat database and standard search parameters (Tarailo-Graovac and Chen
Genomic Resequencing of Glyphosate Resistant Kochia and Differential Gene Expression 178
Genomic resequencing reads from the glyphosate resistant plant were aligned to the EdgeR package using the quasi-likelihood approach in the generalized linear model (glm) 190 framework as described in the user manual (Robinson et al. 2010) . 191
Assembling the EPSPS Locus from a Glyphosate Resistant Plant 192
A library of bacteria artificial chromosomes (BACs) was generated from a single 193 glyphosate resistant kochia plant selected from the glyphosate resistant population following the 194 protocol described in Luo and Wing (2003) with modifications as described in Molin et al. 195 (2017) . High molecular weight (HMW) DNA was extracted from young leaf tissue from a single 196 glyphosate resistant plant using a modified CTAB DNA extraction protocol. This HMW DNA 197 was ligated to a linearized vector and transformed into E. coli using electroporation. BACs, their end-sequences and the corresponding contig from the susceptible genome assembly, 213 entire BAC sequences were reconstructed manually from the contigs produced by CANU. These 214 "full-length" BACs were then aligned, and overlaps were used to generate the largest contiguous 215 length possible. This BAC meta-assembly was aligned to the susceptible contig from the genome 216 assembly containing the EPSPS gene using YASS. Additionally, the BAC insert sequences were 217 run through the MAKER pipeline, informed with cDNA and protein annotations from the 218 Chenopodiaceae and the gene models from the kochia genome (Cantarel et al. 2008 ) for gene 219
annotation. This BAC assembly led to the discovery of two dominant repeat types (a full length 220 56.1 kb repeat and a smaller 32.9 kb repeat), the upstream and downstream boundaries of the 221
Using the Illumina genomic resequencing data from the resistant line, we calculated the 223 copy number of four regions from the CNV by read depth as follows: 1) the region directly 224 upstream of the CNV; 2) the region directly downstream of the CNV; 3) the mobile genetic 225 element; and 4) the full length, 56.1 kb repeat. This 56.1 kb repeat was then subdivided into the 226 region only present within the 56.1 kb repeat and the region that is shared between the 56.1 kb 227 repeat and a smaller 32.9 kb repeat. Highly repetitive regions and those containing transposable 228 elements were masked for the alignment of resequencing reads. Genomic resequencing reads 229 from the glyphosate resistant plant were aligned to these units using the BWA-backtrack 230 alignment program using standard parameters. The number of reads mapping to each unit was 231 calculated and divided by the length of that region to get the average number of reads per 232 unmasked DNA length. The upstream and downstream read depths were averaged and used to 233 standardize the read depths of each of the four units. These standardized read depths correspond 234 with the predicted copy number of each unit. 235
Markers for Confirming the Structure of the EPSPS CNV 236
Primers were designed that were spaced at regular intervals (~5 kb-15 kb) along the 237 susceptible contig that spanned the putative CNV area for genomic qPCR analysis (Table 2) . 238
Additionally, qPCR primers were designed that spanned the junctions of the two dominant repeat 239 types, the upstream and downstream boundaries of the CNV, as well as for the mobile genetic 240 element (Table 2) . Primers were designed to closely mimic the primers already published for the 241 EPSPS gene (Wiersma et al. 2015) , including a melting temperature between 51 and 56 ℃, a GC 242 content between 40 and 50%, and a length of between 20 and 24 bp. Furthermore, the resulting 243 amplicon had to be between 100 and 200 bp long. All genomic PCR was performed using the 244 same protocol established for EPSPS copy number assay (Gaines et al. 2016) . 245
For genomic PCR screening of kochia populations for these repeat features, both 246 susceptible and resistant plants were grown in the greenhouse until they were ~10 cm tall and 247 100 mg of young expanding leaf tissue was taken from each plant. DNA was extracted from this 248 tissue using the recommended protocol from the DNeasy Plant Mini Kit. The DNA quality and 249 concentration were checked using a NanoDrop 1000 and diluted to 5 ng/μl. For qPCR two genes 250 were used as single-copy controls: acetolactate synthase (ALS) and copalyl di-phosphate 251 synthetase 1 (CPS). Each qPCR reaction consisted of 12.5 μL PerfeCTa SYBR ® green Super 252
Mix (Quanta Biosciences), 1 μL of the forward and reverse primers at 10 μM, 10 ng gDNA (2 253 μL), and 9.5 μL of sterile water for a total volume of 25 μL. . Table 3 ). Approximately 62% of predicted kochia genes found one or more matches in the 278 NCBI database(s) using a BLAST e-value < 1e-25 and almost 82% of predicted proteins were 279 assigned one or more functional InterPro domain(s) (Sup. Table 2 ). RepeatMasker uncovered 280 6.25% of the genome assembly consisting of interspersed repeats with the largest proportion 281 consisting of LTR elements of either the Ty1/Copia or Gypsy/DIRS1 variety. Simple repeats 282 made up approximately 2.5% of the assembly (Sup. Table 4) . 283
The EPSPS Locus and Differential Gene Expression 284
The contig containing the EPSPS locus from the susceptible genome assembly was 285 399,779 bp long. The EPSPS gene model was 5,551 bp long (UTRs, exons, and introns included) 286 and located between base pairs 91,663-97,214 of the contig. When this contig was aligned to 287
Beta vulgaris near perfect synteny was observed; however, when compared to the sequence 288 responsible for duplicating EPSPS from Amaranthus palmeri, little similarity existed outside of 289 the EPSPS gene itself (Figure 1) . 290
When shotgun Illumina genomic reads from the glyphosate resistant line were aligned to 291 the contig, the read depth of EPSPS and its surrounding area was much greater (> 7.26-fold) than 292 the background read depth. Using this alignment, it was possible to predict the exact boundaries 293 of the EPSPS CNV starting at base pair 41,684 and continuing to base pair 101,128. This region 294 contains seven coding genes of various functions including EPSPS itself (Table 1) . When 295 differential expression of all genes in the genome was calculated using RNA-Seq data, five of the 296 genes in this region showed over expression in the glyphosate resistant line, one gene showed 297 under-expression in the glyphosate resistant line, and one showed no significant difference (FDR 298 adjusted p-value < 0.05) ( Table 1) . Since gene expression is dynamic, depending on both 299 environmental conditions and developmental stage, the genes not showing DE may be 300 overexpressed in glyphosate resistant plants under different experimental conditions. When the 301 EPSPS contig was aligned to itself, there was no evidence for sequence complexity (simple 302 sequence repeats, inverted repeats, self-homology, etc.) at the predicted boundaries of the CNV 303 (Sup. Figure 2) . 304
The EPSPS Locus from a Glyphosate Resistant Plant 305
Using PacBio data of four BACs from a glyphosate resistant plant, we assembled four 306 contigs that were 129.0 kb for the BAC detected with the upstream probe, 134.2 kb for the BAC 307 detected with the downstream probe, and 140.5 kb and 78.0 kb for two BACs detected with the 308 EPSPS probe. These assemblies encompassed at least six repeats of the EPSPS gene and a 309 significant portion of the upstream and downstream sequence. The largest and most complete 310 repeat was 56.1 kb long and contained the entire region predicted from the alignment of resistant 311 genes from the 56.1 kb repeat, including EPSPS and the three genes immediately upstream of it. 314
The third repeat was a full-length inversion of the 56.1 kb repeat. The fourth type of repeat was 315 an 18.2 kb inverted repeat that contained only EPSPS and a fraction of one upstream gene. The 316 fifth and final repeat structure was identified as a forward repeat of 33.1 kb, containing EPSPS 317 and the three genes immediately upstream of it ( Figure 2 ). All repeats end at the same 318 downstream base pair, directly after EPSPS; however, the beginning upstream base pair of each 319 repeat type is variable (Figures 2 and 3) . 320
Enough overlap existed among the BAC contigs to composite all BAC assemblies 321 together to make a representative sequence (meta-assembly) that contained two full-length 56.1 322 kb repeats and one of each of the other repeat types. Additionally, the flanking single-copy 323 upstream and downstream sequences were included. When this BAC meta-assembly from 324 glyphosate resistant kochia was aligned to the susceptible contig from the genome assembly, we 325 observed perfect agreement between the resistant and susceptible loci; however, a large disparity 326 was evident at each repeat junction and on either end of the resistant repeat structure (Figures 3) . 327
A 16,037 bp sequence was inserted just downstream and upstream of all repeats in the 328 glyphosate resistant BAC assemblies. This insert shows no homology with any part of the 329 susceptible contig; furthermore, when this insertion was aligned against the entire susceptible 330 genome, this region was not found in its entirety. 331
Maker was run on this insertion to predict gene models and identified four regions with 332 putative coding genes. The first predicted gene belonged to the family of genes known as 333 FHY3/FAR1 (IPR031052) and contained the domains: "AR1 DNA binding" and "zinc finger, 334 gene's function was also unclear and was generally identified as belonging to the 337 Endonuclease/exonuclease/phosphatase superfamily (IPR036691). The fourth and final gene had 338 no identifiable InterPro domains, and had BLAST hits to uncharacterized proteins in NCBI. We 339 refer to this insertion as the mobile genetic element (MGE) in all figures and discussion as it 340 seems to have inserted only in resistant lines from an unknown trans location in the genome. 341
Markers for Confirming the Structure of the EPSPS CNV 342
Quantitative PCR markers were developed dispersed across the entire CNV, including 343 markers on both sides in regions that show no evidence of CNV (Table 3) . These markers 344 performed, for the most part, as predicted based on the resequencing of the glyphosate resistant 345 plants and the BAC sequencing. All markers upstream and downstream of the CNV are 346 approximately single copy. Markers 3 and 4, predicted to be only in the longer, 56.1 kb repeat, 347 both show increased copy number in resistant individuals. Markers 5, 6, 7, and 8, are in both 348 56.1 kb and 32.7 kb repeats. These four markers were tightly associated, co-varied for each 349 individual, and showed higher copy number than markers 3 and 4 (Table 3) . 350
Additional qPCR markers were developed that only amplified when the MGE was 351 flanked by either the two dominant repeat types of 56.1 kb or 32.7 kb. Using these markers, we 352 quantified the number of 56.1 kb or 32.7 kb repeats in several individuals. In our line, 32.7 kb 353 repeats were less frequent then 56.1 kb repeats. The tested individuals each had approximately 354 two 32.7 kb repeats and between five and seven 56.1 kb repeats (Table 4) . These markers did not 355 amplify in any susceptible plants, which supports the discovery that the MGE is not present at 356 the beginning of the susceptible EPSPS locus. 357
Additionally, we developed a marker internal to the MGE. All susceptible individuals hadKoSco-1.0 genome assembly. In resistant individuals, we detected 14-18 copies of the MGE. If 360 we account for the 4-5 copies that are in the susceptible individuals and if we consider that a 361 MGE exists at both the upstream and downstream boundary, then we would predict 9-13 copies, 362 which almost perfectly correlates with the copy number observed for qPCR markers 5, 6, 7, and 363 8. This would indicate that one copy of the MGE is associated with each repeat (Table 4) . 364
Illumina shotgun genome resequencing data from a resistant kochia plant aligned to four 365 distinct units from the BAC assembly was used to calculate the copy number of each unit of the 366 repeat structure and to confirm our qPCR results. After standardizing the read depth of each unit 367 by the background read depth, we calculated 7.4 copies of the 56.1 kb repeat, 10.9 copies of the 368 32.7 kb repeat type, and 14.3 copies of the mobile genetic element ( Figure 4A We used qPCR genomic copy number primers to validate much of our BAC assembly. 415
The results from a pair of primers that detected the presence and number of the MGE were 416 surprising. In the susceptible plant, approximately 4-6 MGE copies were observed despite not 417 appearing in the susceptible genome assembly; therefore, this MGE is present in the susceptible 418 plant but it was not assembled in the whole genome assembly. It may be that these background 419 copies lie in repetitive or difficult to assemble regions. In the resistant plants, the number of 420 MGE copies was always approximately equal to the EPSPS copy number plus 4-6 copies, 421 indicating that the original copies found elsewhere in the genome are still present and the insert 422 is being co-duplicated with every repeat of the EPSPS CNV. The fact that the MGE also seems 423 to be in the susceptible lineage implies that the insertion in the EPSPS region originated by 424 transposition within the genome. that Fhy3/FAR1 elements may still be mobile and that they are not fully "domesticated." 442
Because the insert appears to be both at the upstream and downstream borders of the CNV, we 443 hypothesize that insertions of this MGE happened in two locations, flanking the EPSPS region. 444
These two insertions then could have led to misalignment during meiosis as both MGEs are 445 identical. A subsequent crossing-over event somewhere along the length of the misaligned MGE 446 copies would have generated two alleles -one with two of the more common 56.1 kb repeats, 447 and the other with no EPSPS gene, the latter of which would be lethal in the homozygous state. 448 Interestingly, the MGE boundary shares 7-bp of sequence identity with the precise 450 beginning of the shorter, less common 32.7 kb repeat. We propose that a recombination event 451 took place between the MGE downstream boundary and the start site of the smaller 32.7 kb 452 repeat, perhaps mediated by double-stranded break repair at the end of the MGE ( Table 1 . List of genes near EPSPS that are in or flanking the EPSPS CNV event. Read depth is the log2 of the difference between the background read depth and the read depth of each gene from genomic Illumina sequencing of a glyphosate resistant line. Base-pair coordinates are given relative to their position in the contig from the susceptible genome assembly. DE is the log2 differential expression between four resistant and four susceptible individuals from RNA-Seq. P-value is the significance of DE and is adjusted for false discovery rate.
Gene
Beginning 1) The region directly upstream of the EPSPS tandem duplication, 2) the tandemly duplicated region of the genome containing EPSPS, 3) the MGE, and 4) the region directly downstream of the EPSPS tandem duplication. Red lines indicate the average read depth for that unit. Two averages are indicated for the tandemly duplicated region of the genome containing EPSPS due to two major repeat sites existing in the EPSPS CNV structure: the 56.1 kb and 32.7 kb repeat types. B) A table outlining the calculation for copy number estimates for the four units. The total length of the region, the amount of repetitive DNA that was masked, the amount of DNA remaining unmasking, the number of reads mapped to the unmasked regions, the average reads per kilobase of unmasked DNA, and the read depth divided by the reads/kb unmasked of the non-duplicated region. Figure 5 . A model for the generation and continued increase of EPSPS copy number. The initial event that led to EPSPS gene duplication was the insertion of two mobile elements both upstream and downstream of the EPSPS gene (MGE). After unequal crossing over, gametes were produced with >1 EPSPS gene copy. Subsequently, a double stranded break occurred at the MGE boundary that was incorrectly repaired using a microhomology-mediated mechanism within the middle of the repeat region, generating a shorter copy of this repeat region (32.7kb repeat). 
